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The ultrafast dynamics of photoexcited carriers in semiconductor superlattices is studied theo-
retically on the basis of a Monte Carlo solution of the coupled Boltzmann transport equations for
electrons and holes. The approach allows a kinetic description of the relevant interaction mecha-
nisms such as intraminiband and interminiband carrier-phonon scattering processes. The energy
relaxation of photoexcited carriers, as well as their vertical transport, is investigated in detail. The
effects of the multiminiband nature of the superlattice spectrum on the energy relaxation process are
discussed with particular emphasis on the presence of Bloch oscillations induced by an external elec-
tric 6eld. The analysis is performed for different superlattice structures and excitation conditions.
It shows the dominant role of carrier —polar-optical-phonon interaction in determining the nature of
the carrier dynamics in the low-density limit. In particular, the miniband width, compared to the
phonon energy, turns out to be a relevant quantity in predicting the existence of Bloch oscillations.
I. INTRODUCTION
The technological progress in the generation of ultra-
short laser pulses, together with the possibility to detect
processes on this time scale, has led to a series of ex-
periments that gave insight into the microscopic carrier
dynamics in a semiconductor. A phenomenon that has
been widely investigated during the past few years is the
energy relaxation of photoexcited carriers, which typ-
ically occurs on a picosecond or femtosecond time scale.
DifFerent experimental techniques have been used: lu-
minescence experiments, either band to band, ' where
the product of the distribution functions in the valence
and the conduction bands both contribute, or band-to-
acceptor, which is most sensitive to the electron distri-
bution, as well as pump-and-probe experiments, 4 which
yield information on the sum of the distribution func-
tions. On the other hand, recent progress in the fabrica-
tion and characterization of semiconductor heterostruc-
tures and superlattices allows a detailed investigation of
another class of phenomena such as Bloch oscillations
(BO's) and the corresponding terahertz radiation, s which
may arise due to the application of an external electric
Geld.
Besides attempts of direct integration of the quantum
kinetic equations, the most commonly used approach
for the theoretical analysis of energy-relaxation experi-
ments in bulk semiconductors and in low-dimensional
structures is the Monte Carlo method. This has
proven to be a powerful technique for the analysis of
energy-relaxation and transport phenomena, as it al-
lows one to include on a kinetic level a large variety
of scattering processes (carrier-phonon, carrier-carrier,
carrier-plasmon, inter-valence-band, intervalley, etc.) .
The role of these scattering processes in turn is inHuenced
by the choice of the experimental conditions: carrier-
carrier scattering and hot-phonon efFects strongly depend
on the density and intervalley transitions are suppressed
if the excitation is below the threshold for this process.
Thus the combination of experimental results and "simu-
lated experiments" provides detailed information on the
relevant scattering rates and coupling constants.
In this paper we give a theoretical analysis of the ul-
trafast intraband dynamics of photoexcited carriers in
semiconductor superlattices. Our approach is based on
a Monte Carlo solution of the coupled set of Boltzmann
transport equations describing the ultrafast electron and
hole dynamics within a multiminiband scheme.
We present a detailed investigation of the energy re-
laxation of photoexcited carriers and of their vertical
transport within a superlattice structure. The energy-
relaxation analysis will show the existence of di6'erent
relaxation times corresponding to the difFerent intermini-
band and intraminiband scattering mechanisms. On the
other hand, the vertical transport analysis will clearly
show the dominant role of carrier —polar-optical-phonon
interaction in determining the carrier dynamics: for su-
perlattice structures characterized by a miniband width
less than the optical-phonon energy and for laser excita-
tions close to the band gap, the carrier dynamics exhibits
Bloch oscillations; on the contrary, for miniband widths
greater than the phonon energy or for laser excitations
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far &om the band gap, the carrier-phonon scattering re-
sults in a strong damping of such charge oscillations.
The paper is organized as follows. In Sec. II the phys-
ical system and the theoretical approach are introduced.
In Sec. III we describe the Monte Carlo procedure for the
solution of the set of Boltzmann transport equations. In
Sec. IV the results of our Monte Carlo simulations are
presented and discussed. Finally, in Sec. V we will draw
some conclusions.
II. PHYSICAL SY'STEM
AND THEORETICAL APPROACH
In order to study the ultrafast dynamics of photoex-
cited carriers in semiconductor superlattices, let us con-
sider a physical system described by the following Hamil-
tonian:
H = (H, + HF + H„) + (H „+H, )) = Hp + H' . (1)
Here
H, = H;+ H," = ) FI', c~„c~„+) E"~„d „d
kv kv
is the &ee-carrier Hamiltonian written in the usual
electron-hole picture where k and v denote, respectively,
the carrier wave vector and the miniband index while
E&„denotes the electron (hole) band structure of thee(h)
superlattice. The c&t„(ck„)and dt &„(d k„) are the cre-
ation (annihilation) operators of electrons and holes with
wave vector k in miniband v. The term
e h W eF —HF + HF — g Akv k'v'Ckvck'v'
kv, k'v'
+ Ak ki gd k d
kv, k'v'
H„= ) hcu~bt b (4)
describes the free-phonon dynamics; as usual, b~~ (b~)
denotes the creation (annihilation) operator of phonons
with wave vector q while uq is the phonon dispersion.
For simplicity, we consider a single phonon mode only;
the generalization, if necessary, is obvious.
The last two contributions in (1) correspond to carrier-
phonon and carrier-light interaction, respectively. The
first one is given by
describes the effect of a homogeneous applied electric
field F; the quantities o.k k, , denote the matrix elements
of the corresponding scalar potential —F r in our kv rep-
resentation. The analysis in Refs. 16 and 17 shows that
the above Hamiltonian can always be split into an intra-
band part (v = v'), which gives rise to an acceleration of
the carriers within the same band, and an interband part
(v g v'), which describes interband transitions induced
by the external field, i.e., Zener tunneling.
The term
H „=H'„+H,"
e ee
q Ckv bq Ckt v I + ~kv, k' v I .q Ck v 6q Ck(I ~I t 1
kv, k'v'. q
+ )
kv, k'v';q
~kv, k v& qd —kvbqd —k v + ~kv, k v;qd kzv& bqd —kv
Here the quantities g denote the matrix elements of
the phonon electrostatic potential in the kv representa-
tion. Their explicit form for our superlattice model will
be evaluated at the end of this section. As we will see,
the above Hamiltonian is responsible for both intramini-
band (v = v') and interminiband (v g v') carrier-phonon
scattering processes. Finally,
H l = ) IJk,vv'E (t)cg„d
I
within the usual rotating-wave approximation. The
quantity pk„ is the optical matrix element between the
electron and hole states while Ep(t) and uzi denote, re-
spectively, the shape and the central frequency of the
light field.
Let us now introduce the set of kinetic variables used
to describe the carrier system within our semiconductor
superlattice. We choose the various electron and hole
distribution functions corresponding to the different con-
duction and valence minibands, respectively:
k, vv'
f~. = (cg.c~.)t fv =(d—g d—v).
+pk, E (t)"—~ 'c&
describes the dipole coupling of the carrier system to a
laser field
E(t) = E+(t) + E—(t) = Ep(t)e'-"+ Ep(t)e ' " (7)
As usual, these distribution functions are given as the k-
and v-diagonal elements of the single-particle density ma-
trix. In this paper, we will not pay attention to coherent
interband phenomena, which are known to play a domi-
nant role in the excitonic regime. This would require us
to consider also the various interband and interminiband
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polarizations as kinetic variables as described in Refs.
19—22. This approach has recently been extended in or-
der to include, in addition to the coherent phenomena,
also a kinetic treatment of incoherent scattering processes
by means of a generalized Monte Carlo approach.
Let us now discuss the time evolution of the above
kinetic variables in terms of their dynamic equations
1
d fk. = —.„(hack.ck. Hl)
d, fk. =,q(ld k.d-k. H1) .
According to the separation H = Ho + H' in (1), we can
identify two different contributions in the equations of
motion of the distribution functions:
e/h d e/h fe/hdt " dt " H dt (10)
We will treat both terms within the standard semiclas-
sical approximation and will not discuss the details of
the derivation, which is similar to that contained in Ref.
23 for the case of a bulk semiconductor. Within such
an approximation scheme a Markov limit is performed
and therefore various memory effects are neglected. In
particular energy-nonconserving transitions induced by
a strong electric field, i.e., intracollisional field effects,
as well as time-energy uncertainty relation, ' are not
taken into account. However, the BO damping discussed
in this paper is not particularly sensitive to such effects
because they are of minor importance in determining the
total carrier-phonon scattering rate.
The carrier-phonon contribution in (12) is given by the
following rate equation:
If we neglect the interminiband terms in (3), i.e. , inter-
miniband Zener transitions, the time evolution induced
by the Hamiltonian Ho can be evaluated exactly:
e/hpf„'„—= —& &k f„' = — . &kf„'„(11).
Ho
This is the well known drift term in the Boltzmann trans-
port theory, which in the present context describes the
carrier acceleration within each miniband induced by the
applied electric field F.
The second term on the right-hand side of (10) can-
not be treated exactly within our kinetic description. It
is again the sum of two different contributions induced
by carrier-phonon and carrier-light interactions, respec-
tively:
e/h ~ e/h d e/h
form of the above scattering rates is given by
e/h ~ 2& ~ e/h+k k''=) ) l&k k ~ I l~~++"q
Fk, , —Fk + Lu~, 14
where %~ is the phonon occupation number and the up-
per (lower) sign refers to phonon absorption (emission).
The typical structure of the above scattering rates re-
sults &om Fermi's golden rule, i.e., they are proportional
to the squared coupling matrix element g and they con-
tain the Dirac b function of energy conservation. The
Pauli exclusion principle is refm. ected by the proportion-
ality to the phase-space filling factor 1 —f of the final
state.
Finally, within our semiclassical approach the carrier-
light contribution in (12) is described in terms of the
electron-hole pair generation rate
~
~e/h ~e/h ~ ~e/h
dg Jkv & kv / kvv'~cl
~l
where the summation runs over the optically coupled
bands. For the case of Gaussian laser pulses, i.e. , Eo(t) =
2
EL,e ~ / ~, the two-band generation rate has the follow-
ing explicit form:
(2')'/' , t t lGk, — leak EI, l tr, exp —2
L
&& exp (7L+~k, ) ' (1 —fk —fk„) (16)
mith Mwki» ——tk + E'"k, —Rul. . Due to the Markov
limit taken in the semiclassical approximation, the above
generation rate (apart from the Pauli factor) is positive
definite, i.e., there is no stimulated recombination as for
the case of a fully coherent dynamics. However, such
a Markov limit still retains the time-energy uncertainty
relation associated with the light-matter interaction.
By inserting the explicit form of the various contri-
butions into (10), we can finally write down the set of
coupled Boltzmann equations that govern the carrier dy-
namics in our semiconductor superlattice:
d fe/h e F
~
fe/he/h
k~ $ k
e/h ~ e/h e/h e/h e/h
kv + ) kv, k'v'fk'v' k'v', kvfkv ' (
k'u'
e/h e/h e/h e/h e/h
kv, k'u'fk'v' k'v', kvfkv
k'v'
where Pk k, „, is the carrier-phonon scattering rate for a
transition &om state kv to state k'v'. It is easy to rec-
ognize the typical structure of the Boltzmann collision
term, i.e., an in-scattering and an out-scattering contri-
bution. Within our semiclassical approach, the explicit
In Sec. III, we mill describe the Monte Carlo approach
used to solve the above system of nonlinear equations.
In our numerical analysis, we will determine the carrier
wave functions and band structure of the superlattice
within the following approximation scheme. The elec-
tronic states of the superlattice are computed within the
effective-mass approximation &om the familiar Kronig-
Penney model, where the periodic potential is given as
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an infinite sequence of identical quantum wells of width m
separated by rectangular barriers of width b and height
Vp, respectively (the superlattice period is d = ip + b).
Choosing the growth direction as the z axis of our coor-
dinate system, we factorize the wave function as a prod-
uct of a plane wave for the free particle motion in the x-y
plane and a (super) lattice periodic, z-dependent function
of Bloch type:
@k.(r) = e*" ' fk. (z)A
with
f„.(z) = e*"* u„„(z) .
Here k, varies in the superlattice Brillouin zone between
her jd. The properly normalized cell periodic Bloch fac-
tors u„k (z) are constructed by wave-function matching
at the hetero-interfaces of the superlattice and by appli-
cation of the appropriate periodic boundary conditions.
Neglecting nonparabolicity and nonsphericality of both
conduction and valence bands, the corresponding energy
dispersions of the superlattice minibands read
h2k2
+ &I.u)2m' (20)
where &A, is obtained by solving the following Kronig-
Penney equation:
cos k, d = cos nut cosh Pb + sin nip sinh Pb,
2'YH 'YW
with n = +2miVe/52, P = Q2mgy(Vp —e)/h, piV =
o./mdiv, and p~ = p/m~. The efFective mass m* appear-
ing in the in-plane part of the dispersion relation is a pa-
rameter that has to be related to the efFective masses of
the well and barrier materials m~ and m~, respectively.
As a result, our superlattice band structure is character-
ized by a cylindrical symmetry, i.e. , it depends only on
the parallel (k, ) and perpendicular (k~) components of
the three-dimensional wave vector k.
Concluding this section, we will derive the explicit form
of the carrier-phonon scattering rates (14) used in the
Monte Carlo simulation. The functions g /h introduced
in (5) are defined as the matrix elements of the electro-
static phonon potential in the kv representation. The
phonon system is described in terms of a single bulk I 0-
phonon mode and the matrix elements g are given by
. icy'(k„k,') i'
kv k v —).—„%I ~, +, ).Q2 + („+G)2
X ]. — k) I b Eg~ —Eg~~~ 6 Rdp (24)
where we have introduced Q = k~ —kz, K = k, —k,',
and the Bloch integral
4P (k„k,') = dzuk (z)ui. . . (z)e*
eel
Finally, the total scattering rates for intraminiband and
interminiband processes are, as usual, obtained by sum-
ming the above transition probabilities over the anal
state wave vectors k':
P', (k) = ) Pk
k'
(25)
III. MONTE CARLO PROCEDURE
In this section we will describe the Monte Carlo (MC)
procedure used in our simulated experiments. As dis-
cussed in Sec. II, on a semiclassical level the carrier dy-
namics in our model of a semiconductor superlattice is
described in terms of the coupled set of Boltzmann-like
equations (17) for the various distribution functions fk
in the difFerent superlattice (SL) minibands:
electric constants of the efFective medium and V is the
normalization volume. %le will consider only coupling to
GaAs bulk phonons. This, of course, is a simplifying ap-
proximation that neglects any superlattice efFect on the
phonon dispersion, such as confinement of optical modes
in the wells and in the barriers, and the presence of in-
terface modes. However, while these modifications have
important consequences for phonon spectroscopies (such
as Raman scattering), they are far less decisive for trans-
port phenomena. Indeed, by now it is well known2 '
that the total scattering rates are sufIiciently well repro-
duced if the phonon spectrum is assumed to be bulklike.
The explicit evaluation of the Bloch matrix element
in (22) yields first the conservation of the perpendicular
momentum due to translational invariance: k~ —k& ——
+g~. Then, making use of the lattice periodicity of the
Bloch functions fk (z),s we may express the scattering
rates (14) as a sum over reciprocal-lattice vectors G =
2nm. /d (with n = 0, +1,k2, ...):
(22) d e/h & F e/h e/h d e/he/h
d fk. + ~ . &kfk. =&k. +d fk- (26)
1
gg =go- =
/
- X/22~e2n p & 1
V
~e e~ q
The coupling constants g /h for the Frohlich interaction
with dispersionless bulk LO phonons of energy ~o are
identical for electrons and holes:
(the last term is a shorthand notation for the carrier-
phonon collision term).
Following the approach described in Ref. 31, we can
introduce a coordinate transformation to a new set of
variables, called "path variables":
Here e and r, denote the optical and the static di- k=k-k(t-tp), (27)
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e/hF
with k = ' &, and a corresponding transformed distri-
bution function f defined by
f e/h fe/hkv
This transformation eliminates the drift term on the left-
hand side of Eq. (26):
d fe/h e/h f e/hdt " dt (29)
where G denotes the transformed generation rate. The
acceleration induced by the applied electric Geld, previ-
ously described by the drift term, is now implicitly con-
tained in k, i.e., k is a function of time [see Eq. (27)j.
In the absence of carrier photogeneration and carrier-
phonon scattering, the transformed distribution function
f is constant in time and therefore from Eq. (28) we
obtain
This is known as the "acceleration theorem. "
Within our approach, the system of nonlinear equa-
tions (29) is solved in terms of a direct MC simulation of
the carrier dynamics in this transformed k space. Follow-
ing the spirit of the number representation introduced in
Ref. 23 for a bulk system, we use a suitable k-space dis-
cretization. In particular, due to the symmetry of our
system, we define a cylindrical (two-dimensional) grid
and for each cell of the grid we introduce an integer num-
ber n,'. , which denotes the number of carriers in the ith
cell and miniband v. As for the bulk case, this represen-
tation provides a direct way of treating both the carrier
photogeneration and the carrier-phonon scattering.
Due to the dependence of the scattering rates on the
distribution functions, the set of kinetic equations (29) is
nonlinear and therefore we are forced to perform a time
step solution. In particular, we employ a fixed time step
At over which our kinetic equations are locally linear and
decoupled.
As discussed before, in Eq. (29) the effect of the exter-
nal Geld is implicitly contained in the time dependence
of k. This is easily included in our MC simulation by
considering our grid not in k but in k space, i.e. , by in-
troducing a time-dependent grid that drifts according to
(27). Therefore, at each time step, the original distribu-
tion function f appears to drift due to a constant shift
of the grid. During the time step, the carrier photogen-
eration and carrier-phonon terms in Eq. (29) are evalu-
ated by means of a traditional MC simulation: given the
carrier distribution at the beginning of the time step in
e/hterms of the occupation numbers n,.~, we generate for
each particle a random sequence of &ee flights and scat-
tering events according to the various scattering rates
in Eqs. (25) and (24).
Since the eKect of the external Geld has been already
taken into account by shifting the grid in k space, there
is no additional acceleration by the external Geld during
the &ee Bight. Therefore, the scattering rates are con-
stant in time and there is no need for any self-scattering
technique.
Our MC procedure can then be summarized as fol-
lows. The total simulation time is divided into a sequence
of time steps. For each of them (i) We create the new
electron-hole pairs over the grid in k space according to
the generation rate in Eq. (15); (ii) we generate a ran-
dom sequence of &ee flights and scattering events for each
carrier jn the various minibands, the result being a ran-
dom walk both over k and over the difFerent minibands,
and (iii) the grid in k space is shifted according to the
applied electric Geld at the end of the time step and the
distribution function is updated on the new grid.
IV. NUMERICAL R,ESULTS
In this section we present the results of our Monte
Carlo simulations. We start with a discussion of the
band structure and the intraminiband and interminiband
scattering rates for LO-phonon emission of a particu-
lar GaAs/Al Gai As superlattice. All our simulations
were performed assuming a lattice temperature of 10 K
and low carrier densities. At this low temperature the
rates for the LO-phonon absorption are very small. We
study the relaxation of energetically high excited elec-
trons due to LO-phonon scattering. We then investigate
the inBuence of an applied electric field on the electronic
distribution function. Assuming carrier excitation at the
band edge, the electric Geld leads to BO's performed by
the electrons. Since the width of the lower electronic
miniband of the considered structure is smaller than the
LO-phonon energy, the BO's are not damped by this
scattering mechanism. Therefore the charge current will
show periodic oscillations in time, which give rise to an
emitted radiation.
In the next step we then present results on the com-
bined efFect of an electric Geld and LO-phonon scatter-
ing, assuming carrier excitation high in the band. The
amplitude of the BO decreases in time due to intramini-
band and interminiband LO-phonon scattering. In Sec.
IVE we consider a superlattice model where the mini-
band width of the lower electronic band is larger than
the LO-phonon energy. We discuss the intraminiband
scattering rates and show that, in agreement with the
experimental observation, the BO's in this structure are
intrinsically damped due to LO-phonon emission.
A. Band structure and scattering rates
For our analysis of relaxation and field-induced phe-
nomena, we assume the following structural parame-
ters: a GaAs/Alo sGao yAs superlattice, with 95-A-well
and 15-A-barrier widths. The confinement potential for
the electrons (holes) is 250 meV (123 meV). The ef-
fective mass for electrons in the well (barrier) mate-
rial is 0.067mo (0.092m, o). The corresponding value for
the heavy hole is 0.38mo (0.41mo). In the perpendicu-
lar direction we have chosen the effective mass 0.070m, o
(0.38mo) for the electrons (holes). The light holes have
been neglected for simplicity.
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FIG. 1. (a) Energy dispersion of the two lowest electronic
minibands of the first structure, a GaAs/Alo. sGao. yAs super-
lattice, with a 95-A-well and a 15-A-barrier width. k is the
wave-vector component in the growth direction. (b) Energy
dispersion of the first two hole minibands of the same struc-
ture. The zero of the energy scale corresponds to the bottom
of the well potential.
Figure 1 shows the band structure in the growth direc-
tion of the first two (a) electron and (b) heavy-hole mini-
bands, which have been calculated within the Kronig-
Penney model. The miniband widths are 21 and 75 meV
for the electrons, and 2 and 7 meV for the holes. The
width of the lower electronic miniband in this structure
is therefore smaller than the LO-phonon energy of 36.4
meV. Consequently, LO-phonon emission is suppressed
for states in this miniband, provided the kinetic energy
of the perpendicular motion E~ is small.
In Fig. 2(a) the carrier scattering rate is plotted as a
function of the miniband energy E, for difFerent values
of E~. For' E~ —0 the rate vanishes within the entire
miniband. For EL —25 meV the LO-phonon emission
process can take place only for E larger than approxi-
mately 11 meV. However, the emission process is possible
for all E if E~ exceeds the LQ-phonon energy. The cor-
responding rate for E~ —50 meV has a maximum value
of about 5.5 ps at E, 8 meV. This maximum corre-
sponds to transitions to the states at the upper edge of
the miniband with E~ —0 and rejects the superlattice
density of states.
The scattering rates for the higher electronic miniband
are shown in Fig. 2(b) for E~ = 0. Since the width of this
miniband is larger than the LQ-phonon energy, the in-
traminiband scattering rate shows the expected threshold
behavior as a function of E . The interminiband scatter-
ing [see Fig. 2(b) dashed linej, is different from zero over
the entire energy range. On average, this rate is about a
factor of 3 smaller than the rate for intraminiband transi-
tions since the wave functions in adjacent minibands have
difFerent symmetry and the resulting overlap is small.
~ s a a a a a s
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B. Relaxation regime
Let us now turn to the relaxation of photoexcited carri-
ers due to LO-phonon scattering. Here and in the follow-
ing a laser pulse width of 71, ——100 fs has been assumed.
The laser pulse is centered at t = 0 and creates electrons
with an excess energy of about 150 meV with respect to
the bottom of the well. Such a pulse creates a superposi-
tion of electrons in both minibands [see Fig. I(a)]. The
time evolution of the carrier distribution as a function of
the total energy is plotted in Fig. 3. At t = 0 the distri-
bution function consists of the dominant generation peak
and a small contribution, which is located energetically
one LQ phonon below the initial peak. For times longer
than 200 fs we recognize the well known phonon replicas
whose amplitudes change in time due to relaxation pro-
cesses. Finally, after about 2 ps almost all carriers have
relaxed in energy as far as they can. An interesting fea-
ture in Fig. 3 is that starting &om t = 600 fs, when the
third phonon replica around 0.04 meV is the largest peak,
the erst replica slightly above 0.11 meV is stronger than
the second one. This is explained by the fact that the
energetic position of the erst phonon replica is within
the higher miniband. Since the interminiband scatter-
ing rates are smaller than the intraminiband rates, the
strength of the erst replica at higher times reQects the
population of the higher miniband.
The carrier densities for the diferent minibands are
shown in Fig. 4(a) as a function of time. After the end
of the laser pulse, the total density is constant, about
1.2 x 10 cm . At t = 0 the carrier density in the
parallel energy (eV)
FIG. 2. (a) Intraminiband-scattering rate within the lower
electronic miniband, as a function of the parallel energy E
for different values of the transverse energy: E~ —O, s or~s t
dashed), E~ = 25 meV (long dashed); E„=50 meV (solid).
(b) Intraminiband scattering rate within the higher electronic
miniband for E~ —0, as a function of the parallel energy
(solid), and interminiband scattering rate from higher to lower
band for E~ = 0 (dashed).
ULTRAFAST CARRIER RELAXATION AND VERTICAL-. . . 16 949
s s
J
«& c [ s s & ~
t=Ofs
t=200fs
kinetic energy relaxes &om its initial value in about 1 ps
to an almost constant value, which is smaller than the
LO-phonon energy.
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higher miniband is about half of that excited in the lower
one. Due to interminiband scattering, the density in the
higher miniband later decreases in time and, correspond-
ingly, the density in the lower miniband increases.
In Fig. 4(b) the mean kinetic energies of the electrons
in the two minibands are plotted as function of time. The
FIG. 3. Electron distribution in the first superlattice struc-
ture as a function of the total energy at difFerent times
(t=0,0.2,0.4,0.6,0.8,1.0,2.0 ps). Energies are referred to the
bottom of the well. The laser pulse (pulse width rx, = 100 fs)
initially creates electrons around 150 meV.
For the studies in this section we now include an elec-
tric field, applied parallel to the growth direction, and
study its influence on the dynamics of the distribution
function. For this simulated experiment, the central en-
ergy of the laser pulse is assumed to be located 8 meV
below the band gap energy. Figure 5 shows the time
evolution of the carrier distribution for an electric field
of 5 kV/cm as a function of k„ i.e. , averaged over A, ~.
At the beginning of the laser pulse the carriers are gen-
erated around k = 0, where the transitions are close
to resonance with the laser excitation. According to the
acceleration induced by the field, the electrons are then
shifted in A: space. When the carriers reach the border
of the Grst Brillouin zone they are Bragg reflected. After
800 fs, which is close to the BO time T~ = 6/end = 750
fs, the carriers have completed a little more than one
oscillation in k space (see Fig. 5). Since the electrons
have been excited at the bottom of the miniband and
the miniband width is smaller than the LO-phonon en-
ergy, no LO-phonon emission is possible in this case.
Consequently, the electrons perform BO's without los-
ing the synchronicity of their motion by scattering. This
is shown in Fig. 6, where we have plotted the mean ki-
netic energy [Fig. 6(a)], the current [Fig. 6(b)], which is
given by j„'(t) = & I &&*"fx',„dk, and its derivative with
respect to time, which is proportional to the emitted elec-
tric far field, i.e. , the terahertz signal [Fig. 6(c)]. All
1.0 t=Ofs
0.6
N
C
0.4—
0.2 — fy
I
0.0
O
0)
0.10
L
0.05
0.00 0.0 0.5 1.0
time (ps)
1.5 2.0
0
L
M
D
—1.0 -0.5 0.5 1.0
FIG. 4. (a) Density in the two electronic minibands as a
function of time: higher mixuband (short dashed), lower mixii-
band (long dashed), and sum of both (solid). (b) Average ki-
netic energies in the difFerent minibands as a function of time:
higher miniband (long dashed) and lower miniband (solid).
FIG. 5. Electron distribution in the first superlat-
tice structure as a function of k at difFerent times
(t=0,0.2,0.4,0.6,0.8,1.0 ps), under an applied electric field of 5
kV/cm. The laser pulse (pulse w'idth rx, = 100 fs) is centered
8 meV below the band gap.
16 950 ROSSI, MEIER, THOMAS, KOCH, SELBMANN, AND MOLINARI
these quantities show oscillations with the BO periodic-
ity. As expected, the amplitude of the oscillations of the
kinetic energy [Fig. 6(a)] is somewhat smaller than the
miniband width. Since no scattering is present the oscil-
lations of the current [Fig. 6(b)] are symmetric around
zero, i.e., the average current vanishes. The oscillations
of the terahertz signal are not symmetric with respect
to positive and negative values. This is explained by
the fact that the band structure in the growth direction
has diferent curvatures at the upper and lower miniband
edges. When electrons are excited in the vicinity of the
lower band edge, the shape of one temporal oscillation of
the terahertz signal is approximately proportional to the
second derivative of the dispersion.
D. Combined in8uence of relaxation and transport
0
M
U
Ofs
t=2OOfs
t=400fs
t=600fs
t=soofs
t=1ps
t=2ps
In this section we study the combined influence of the
relaxation and the electric Geld on the dynamics of the
carrier distribution function. The electrons are again as-
sumed to be excited with an excess energy of about 150
meV. The time evolution of the distribution function is
shown in Fig. 7. At t = 0, which corresponds to the
center of the laser pulse, the distribution function shows
a peak energetically located at the excitation energy and
a small structure about one LO-phonon energy below.
For times between 200 fs and 1 ps the electrons relax
0.03
0.00
b
o.o
C
4
Co
N
0.0
I I
0.5 1.0
time (ps)
1.5 2.0
FIG. 6. (a) Average kinetic energy, (b) current, and (c) ter-
ahertz signal corresponding to the lower electronic miniband
as a function of time. The laser pulse (pulse width vl, = 100
fs) is centered 8 meV below the band gap. The intensity of
the applied electric field is 5 kV/cm.
0.00 0.05 0. 1 0 0.1 5 0.20
total energy (eV)
FIG. 7. Electron distribution in the first superlattice struc-
ture as a function of the total energy at di8'erent times
(t=0,0.2,0.4,0.6,0.8,1.0,2.0 ps). Energies are referred to the
bottom of the well. The laser pulse (pulse width rl. = 100 fs)
initially creates electrons around 150 meV. The intensity of
the applied electric field is 5 kV/cm.
in energy due to phonon emission. Due to the action
of the electric field, the LO-phonon replica is strongly
broadened and almost invisible in Fig. 7. After 2 ps the
carriers have relaxed in energy as much as possible under
the given circumstances. Due to the inHuence of the elec-
tric Geld, the distribution is much broader as compared
to Fig. 3. Some of the carriers were able to relax to
states that are lower in energy than in the case without
Geld.
Figure 8(a) shows the time dependence of the averaged
kinetic energies in the two minibands. While the kinetic
energy of the carriers in the lower miniband decreases
monotonously in time, the kinetic energy for the higher
miniband exhibits the typical time periodicity induced by
BO s. Since the width of the higher miniband is larger
than both the LO-phonon energy and the width of the
lower miniband, the electrons can gain more energy due
to the Geld-induced acceleration and lose it again by LO-
phonon emission. For the conditions chosen in our simu-
lations the BO time and the average LO-phonon scatter-
ing time are comparable. This explains the high average
kinetic energy of the electrons in the higher miniband
after the oscillations have been damped. In Fig. 8(b)
the corresponding charge currents of the two xninibands
are shown. The current of the higher miniband oscil-
lates with the BO time of about 750 fs. The scattering
leads to a strong damping of these oscillations. The cur-
rent of the lower miniband shows only weak oscillations,
which are phase shifted by approximately m with respect
to the oscillations in the higher miniband. The exact
value of this phase shift is determined by the strength of
the scattering and the value of the electric Geld. Since the
scattering is active, we have a positive average current.
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The corresponding terahertz signals are shown in Fig.
8(c). For the higher miniband the signal shows strongly
damped BO's, while for the lower miniband the signal is
only very weakly modulated.
CL
5
E. Damping of BO
Finally, we present calculations assuming a slightly dif-
ferent superlattice structure with composition identical
to the previous one, but diR'erent structural parameters:
wells and barriers have an equal width of 30 A. The ef-
fective masses in the perpendicular direction have been
chosen to be 0.077mp (0.39mp) for the electrons (holes).
Since the period of this superlattice is much smaller than
that of the former one the minibands are more dispersive.
We obtain a bandwidth of about 62 meV for the erst elec-
tron and 5 meV for the erst hole miniband, respectively.
Thus the width of the electronic miniband is larger than
the LO-phonon energy and intraminiband phonon scat-
tering can take place in this structure even for E~ —0.
The calculated scattering rates for LO-phonon emission
within the electronic miniband are shown in Fig. 9.
As expected, we 6nd for E~ —0 a sharp threshold at
E, = Ruo. Therefore, as a consequence of the phonon
scattering BO's in this structure will be damped for any
excitation condition. The threshold for E~ ——25 meV
is reduced again to about 11 meV and the rates are
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somewhat larger compared to the case of E~ —0. For
E~ = 50 meV there is no threshold at all and the scat-
tering rates are further increased.
Figure 10 displays the temporal evolution of the elec-
tron distribution as a function of k . The central laser
frequency was assumed to be tuned to 8 meV below the
band gap and the electric field was chosen to be 9.2
kV/cm, which gives again a BO period of 750 fs. As in
Fig. 5, the distribution is generated around A: = 0 at the
beginning of the laser pulse and subsequently shifted in k
space by the electric Geld. For t = 400 fs the shape of the
distribution is strongly distorted by LO-phonon emission,
which now can take place since the carriers have gained
FIG. 9. Intraminiband scattering rate within the electronic
miniband as function of the parallel energy E for diferent
values of the transverse energy, for a GaAs/Alp. 3Gap. qAs su-
perlattice, with a 30-A-well and a 30-A.-barrier width: R~ —0
(short dashed), E~ = 25 meV (long dashed), and E~ = 50
meV (solid).
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FIG. 8. (a) Average kinetic energy, (b) current, and (c)
terahertz signal corresponding to the lower (solid line) and
the higher (dashed line) electronic minibands as a function of
time. The intensity of the applied electric field is 5 kV/cm.
FIG. 10. Electron distribution in the second super-
lat tice structure as a function of k at difFerent times
(t=0,0.2,0.4,0.6,0.8,1.0 ps), under an applied electric field of
9.2 kV/cm. The laser pulse (pulse width 7.r, —100 fs) is
centered 8 meV below the band gap.
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0.06
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not occur as a consequence of energy conservation. The
second superlattice structure has a miniband width that
is larger than ~0. the BO's are strongly damped by
scattering. These results agree qualitatively with exper-
iments on BO's in superlattice samples with the same
structural parameters we have chosen here and sub-
stantiate our previous qualitative arguments.
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FIG. 11. (a) Average kinetic energy, (b) current, and (c)
terahertz signal from the electrons in the second superlattice
structure as a function of time. The intensity of the applied
electric Iield is 9.2 kV/cm.
enough kinetic energy from the applied field. Therefore
the carriers are scattered from high energies, i.e. , large A;
values, to the bottom of the miniband, i.e., A:, = 0. For
longer times only that &action of carriers that has not
been scattered gives rise to BO. This damping of the BO
due to the LO-phonon emission is also visible in the plots
of the kinetic energy, the current, and the terahertz signal
[Figs. 11(a)—11(c)].The kinetic energy initially increases
and then oscillates with the BO period and a decreasing
amplitude around an average value of about 35 me V. The
current and the terahertz signal [Figs. 11(b) and 11(c)]
also show damped oscillations in time. Again, the ter-
ahertz signal is found to be asymmetric with respect to
its positive and negative parts due to the difFerent cur-
vatures at the upper and the lower miniband edges.
Comparing the BO features of the distribution function
for the two SL's, the following summary can be drawn.
In the first superlattice structure the width of the lower
electronic miniband is smaller than the LO-phonon en-
ergy. For optical excitations at the lower band edge the
BO's are not damped by LO-phonon emission, which can-
V. CONCLUSIONS
In summary, we have presented a detailed investiga-
tion of the ultrafast dynamics of photoexcited carriers in
semiconductor superlattices. Our theoretical analysis is
based on a direct simulation of -the carrier dynamics cor-
responding to a Monte Carlo solution of a coupled set of
Boltzmann-like equations for the carrier distributions in
the various electron and hole minibands.
We have focused our attention on the low-temperature
and low-density regime where the most relevant scatter-
ing mechanism is LO-phonon emission. The threshold.
nature of this scattering mechanism was found to play a
decisive role for the relaxation and transport properties
of the superlattices. In particular, the damping of Bloch
oscillations is directly related to the width of the super-
lattice miniband compared to the LO-phonon energy. For
laser excitations close to the bottom of a miniband with a
width smaller than the LO-phonon energy, we obtain ba-
sically undamped Bloch oscillation behavior. Conversely,
for laser excitation far from the band gap and/or mini-
band widths larger than the LO-phonon energy, these
oscillations are strongly damped. The resulting average
current is difFerent Rom zero and dissipation takes place.
The kinetic treatment, typical for any Monte Carlo
simulation, allowed. us to study the role of the difFer-
ent intraminiband and interminiband LO-phonon scat-
tering processes. As expected, interminiband scattering
is slower than scattering within the minibands and thus
of minor importance for Bloch oscillations.
Finally, the number representation used in the Monte
Carlo simulation allows us in principle to treat also coher-
ent phenomena as well as carrier-carrier Coulomb scat-
tering. Therefore, the described simulation method can
be regarded as the starting point for a generalized Monte
Carlo simulation of both coherent and incoherent phe-
nomena in semiconductor superlattices.
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